Abstract
Introduction
c-Fos is part of the heterodimeric transcription factor AP-1 that is a key regulator for many processes such as cell growth, differentiation, inflammation and malignant transformation.
Cells lacking c-Fos are hypersensitive to ultraviolet light [1] and many other genotoxins [2] suggesting c-Fos to play a role in the cellular protection against DNA damaging agents.
Increased sensitivity of c-Fos deficient cells to UV light was demonstrated both for primary [3] as well as immortalized [4] mouse embryonic fibroblasts (MEFs) with the end points cytotoxicity and clastogenicity, both were enhanced in comparison to the corresponding isogenic wild-type (wt). Hypersensitivity of c-Fos lacking cells was explained by their impaired recovery from the genotoxin-induced block to DNA replication [2] , which could be due to a defect in the repair of critical replication blocking lesions. Indeed, similar to p53 deficient MEFs which are known to display various DNA repair defects [5, 6] , c-fos knockout cells (fos-/-) display less efficient repair of UV-C lesions (this paper and Christmann et al., in preparation). Therefore, the elucidation of DNA damage triggered signalling and execution of cell death is of importance for a better understanding of why c-Fos knockout cells are hypersensitive to genotoxins.
Stimulation of the transcriptional activity of the fasL gene upon DNA damage appears to play an important role in genotoxin-induced cell death. Thus it has been shown that long-term activation of fasL triggers apoptosis not only after UV-C light treatment, but also upon exposure to the anticancer drug cisplatin [7, 8] . Therefore the possibility exists that, upon nonrepaired DNA damage, sustained up-regulation of fasL is a key component in the induction of apoptosis. Upon cisplatin treatment, up-regulation of fasL was preceded by a sustained activation of c-Jun N-terminal kinase (JNK) and p38 kinase (p38K) [7, 8] . Regulation of the fasL by the SAPK/JNK signalling cascade is well established [9, 10] . It has been shown that several transcription factors are involved, such as c-Myc, NF-AT, NF-kB and AP-1. Most important in the up-regulation of the fasL promoter are NF-kB and AP-1, as shown for etoposide and UV irradiation [11] . Whereas the importance of the heterodimeric AP-1 complex consisting of c-Jun and ATF2 is well established [9] , the role of c-Fos during induction of the fasL gene is not clear.
Here we addressed the role of c-Fos in triggering DNA repair and apoptosis upon UV-C. We used a pair of isogenic MEFs that are wild-type (wt) and knockout for c-fos (fos-/-) and, at the same time, proficient for p53 to specially investigate the impact of c-Fos on the repair of DNA lesions and apoptosis. We analysed the signalling leading to UV-C induced apoptosis in c-
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Fos deficient MEFs, focussing on the role of FasL up-regulation and sustained JNK activation in response to non-repaired DNA lesions.
Material and methods
Cell lines: Spontaneously immortalized mouse embryonic fibroblasts (MEFs) were used.
The wild-type (fos+/+-1-98M designated as wt) cell line was a littermate to the c-Fos deficient cell line used (fos-/-7-98M designated as fos-/-). Both cell lines were generated from wt or cfos knockout mouse embryos (C57BL/6, the Jackson Laboratory) as previously described [3] .
Cells were grown in Dulbecco's minimal essential medium (DMEM) with high glucose and glutamine (Invitrogen) containing 10% inactivated fetal bovine serum (Gibco Life Technologies) at 37°C in an atmosphere containing 7% CO 2 .
UV-C light treatment: Growth medium was removed and cells were irradiated with UV-C at a dose rate of 1 J/m 2 per second with a radium NSE 11-270 low pressure UV-C lamp (Philips). Thereafter the removed (conditioned) medium was re-used and cells were incubated at 37° C for the appropriate time periods.
Determination of apoptosis:
To monitor drug-induced apoptosis, cells were stained with propidium iodide and the Sub-G1 fraction was determined by flow cytometry as described [12] .
Caspase activity assay:
The caspase Colorimetric Assay (R&D Systems) was performed according to the manufacturer's protocol. Briefly, cells were UV-C irradiated or not and after particular intervals of post-exposure, they were trypsinized, counted and collected by centrifugation. Cell pellets were lysed on ice, centrifuged, and the supernatant was transferred and kept on ice. The enzymatic reactions were carried out in 96-well microplates (405 nm, 37°C, 1-2h) with the addition of equal volume of 2 x reaction buffer and appropriate caspase colorimetric substrate prior to the measurement on an ELISA reader.
Preparation of cell extracts and western blot analysis:
Whole cell extracts were prepared as described [13] . Samples of 25 µg protein were separated by 10% SDS-PAGE and electroblotted onto nitrocellulose membranes, which were then incubated with antibodies as described [14] . Primary antibodies were diluted 1:500 in 5% non-fat dry milk, 0.1%
Tween/PBS and incubated overnight at 4°C. A polyclonal anti-ERK2 antibody (Santa Cruz Biotechnology) was diluted 1:3000 and incubated 2 h at RT. For western blot analysis with phospho-specific antibodies, cells were directly lysed in 1 x SDS-PAGE sample buffer and and counted in a liquid scintillation counter. The incorporated radioactivity of the non-UV-C exposed probe was set to 100%.
Results

Levels of p53 and c-Fos, and CPD removal after UV-C irradiation
To Next we studied the ability of fos-/-cells to remove cyclobutane pyrimidine dimers (CPDs).
As shown in 
Apoptosis and caspase activity
To compare the cell lines as to their apoptotic response after UV-C irradiation, apoptosis was showing the highest activity (induction factor 3.5) compared to wt cells (2-fold increase). The same was true for caspase-9 (Fig. 2B ). Increase in caspase-8 activity was observed already 12 h after UV-C exposure only in fos-/-cells; it did not occur in wt cells (Fig. 2B ).
Sustained activation of JNK phosphorylation and FasL expression
It was reported that after cisplatin treatment apoptosis induced by DNA damage is signalled by sustained activation of c-Jun N-terminal kinase (JNK) and p38 kinase (p38K) [7, 8] . To analyze the role of JNK upon UV-C irradiation in wt and fos-/-cells, we analyzed its activation by means of phosphorylation specific antibodies and western blot analysis.
Exposure with UV-C light caused phosphorylation of JNK already 15 min after irradiation (data not shown). Activation reaches its maximum 2 h after irradiation in both cell lines at a similar level (Fig. 3A) . In wt cells, it declines thereafter and was not detectable anymore 12 h after UV-C exposure. In contrast, JNK activation in fos-/-cells was still occurring 12 and 18 h after irradiation (Fig. 3A) . The same was true for activation of the p38K, although the effect 
Effect of JNK/p38K inhibition on cellular sensitivity
To study the role of early and late (sustained) JNK activation on cellular sensitivity in more detail, we applied SP600125 at different times after UV-C treatment in order to block either early or late JNK activation, and elucidated the effect of this blockage on apoptosis. As shown in Fig. 5A , after pre-treatment of fos-/-cells with SP600125 for 1 h, no phosphorylation of JNK was observed 3 or 6 h after exposure to 20 J/m 2 UV-C. Also, when cells were post-treated with SP600125, which was administered 9 h after UV-C irradiation, a strong reduction in the amount of phosphorylated JNK was observed 12 or, to slightly less extent, 18 h after UV-C. Pre-treatment with SP600125 for 1 h attenuated early JNK activation and increased the sensitivity of wt but not c-Fos deficient cells to UV-C (Fig. 5B) . In contrast, treatment with SP600125 late (9 h) after UV-C irradiation completely abolished late JNK 8 activation and simultaneously protected c-Fos deficient cells from UV-C induced apoptosis (Fig. 5C ). Is this protection related to a change in fasL expression that impacts apoptosis?
Indeed, inhibition of late JNK activation provoked a clear reduction of fasL induction, as
shown by real-time RT PCR (Fig. 5D , left panel) and semi-quantative PCR (Fig. 5D, right panel).
Expression of MKP1
Sustained activation of JNK was reported to be due to impaired dephosphorylation of JNK by MAP kinase phosphatase-1 (MKP1) [16] . Therefore, we determined the expression of MKP1
upon UV-C exposure in wt and c-Fos deficient cells. As shown in Fig. 6 , a reduction of MKP1 expression was observed in fos-/-but not wt cells 12 and 18 h after UV-C treatment on RNA level (Fig. 6A) , and 18 and 24 h after UV-C on protein level (Fig. 6B) . A reason for the diminished expression of MKP1 could be increased transcription blockage, as it was reported for human fibroblasts derived from Cockayne's syndrome patients [16] . As shown in by 70% (measured by 3 H-uridine incorporation). This transcription blockage is abrogated in wt cells 12 to 24 h after UV-C, which coincides with the removal of CPDs (Fig. 1B) . Most interestingly, in fos-/-cells no recovery from the block to transcription was observed.
Therefore, we propose the hypothesis that down-modulation of MKP1 at transcriptional level in cells deficient in c-Fos is due to the lack of repair of CPDs.
Discussion
Mouse embryonic fibroblasts (MEFs) deficient in c-Fos are hypersensitive to UV-C light [1, 3, 4] suggesting that c-Fos plays a role in cellular protection against DNA damaging agents. It would be reasonable to suppose that regulation of DNA repair genes is involved in c-Fos mediated protection. Indeed, as shown here, c-Fos deficient cells show a defect in the removal of UV-C induced lesions from DNA. It is important to note that the cell lines used in our study are phenotypically p53 wt, which was confirmed by the induction of p53 target genes p21 and gadd45 in both cell lines (data not shown). Therefore, the molecular mechanism underlying the repair defect in fos-/-cells is different from the one already 9 reported to cause the repair defect in p53 deficient MEFs [6] . Non-removed CPCs in c-Fos deficient cells result in a pronounced activation of caspase-3 and -9 whereas caspase-8 was only activated in fos-/-cells. In both cell lines, the mitochondrial pathway was activated by UV-C as indicated by the induction of noxa mRNA (data not shown). NOXA interacts and inhibits anti-apoptotic proteins such as Bcl-2 and Bcl XL [17] . In c-Fos deficient but not wt cells the induction of the fasL was preceded by a sustained and long lasting activation of JNK and AP-1 (data not shown). This is in contrast to wt cells in which only an early and transient activation of JNK was observed. We should note that sustained activation of JNK upon UV-C was also observed in normal cells not impaired in cFos [20] . In this case, however, the dose applied was extremely high (up to 300 J/m 2 ). The early activation of AP-1, described in numerous papers as the so-called immediate-early UV response [21] , was proposed to protect against genotoxins since cells lacking c-Fos display a genotoxin hypersensitive phenotype that pertains to cell death and chromosomal aberration formation [1, 2] . The hypersensitive phenotype of c-Fos deficient cells remained enigmatic.
Here we show that increased sensitivity of c-Fos deficient cells to UV light is due to impaired 10 repair of CPD lesions. Using the JNK inhibitor SP600125, which binds to the ATP-binding domain of JNK and thus inhibits phosphorylation of JNK target proteins including JNK itself [15] , we show that early JNK activation is required for the removal of CPDs. Thus, early JNK activation appears to play a key role in the regulation of nucleotide excision repair (NER).
Several genes involved in NER are under control of AP-1 (c-Jun/ATF2) such as ercc1 and xpa [22] . Whether these genes are regulated by c-Fos in mouse cells and whether a differential expression of these genes in fos-/-cells is related to the observed phenotype is currently under investigation. Rodent cells display a very low level of global genome repair (GGR) [23] [24] [25] which is due to decreased expression of DDB2, the main recognition factor for CPDs [26] . Therefore, the defect in CPD removal observed in fos-/-cells may reflect a defect in transcription coupled repair (TCR) rather than GGR. This supposition is supported by the strong depression of RNA synthesis upon UV-C in c-Fos deficient cells. Clearly, further studies on NER in cells expressing different levels of c-Fos are warranted. Whether JNK activation is also involved in the regulation of other repair pathways in response to DNA damage remains to be seen. We should note that several DNA repair genes such as MGMT [27] , msh2 [28] and the apurinic endonuclease 1 [29] are regulated by AP-1.
To study the impact of the early and late (sustained) JNK activation on the sensitivity of cells, How can sustained JNK activation be achieved? There are at least two possibilities. Firstly, It can be achieved by attenuated dephosphorylation of JNK by MKP1. This mechanism has recently been described for human TCR deficient fibroblasts as a result of Pol II inhibition 11 [16] . Secondly, it may be due to augmentation of de-novo phosphorylation based on active signalling [30] . We observed down-regulation of MKP1 concomitant with transcriptional blockage, indicating attenuated dephosphorylation plays a role. Increased de-novo phosphorylation may, however, also be involved since sustained phosphorylation of JNK was significantly reduced by SP600125 applied 9 h after UV-C exposure. Therefore, sustained JNK activation is likely to be a mixed effect due to MKP1 inhibition and increased de novo phosphorylation in response to non-repaired DNA lesions. Overall, the data are in line with a model where the early activation of JNK exerts protection by stimulation of NER, whereas the late and sustained activation of JNK counteract survival signals and activates the apoptotic pathway. From the biological point of view, this scenario is beneficial for maintaining genomic integrity: NER is stimulated in response to DNA damage and, if repair does not occur in time, cells will be eliminated before DNA lesions will be fixed as mutations. 
